Objective. To correlate sonographic and color Doppler characteristics of thyroid nodules with the results of sonographically guided fine-needle aspiration biopsy to establish the relative importance of these features in predicting risk for malignancy. Methods. We retrospectively analyzed the sonographic features of 34 malignant and 36 benign thyroid nodules with respect to size, echogenicity, echo structure, shape, border, calcification, and internal vascularity. Individual features and combinations of features were analyzed for their correlation with benign or malignant disease. A comparative analysis of several authors' previously proposed methods for distinguishing between benign and malignant nodules using sonographic criteria was also performed to determine their sensitivity and specificity in predicting nodule disease within our study data. Results. Nodule size ranged from 0.8 to 4.6 cm in greatest dimension (mean, 1.96 cm; SD, 0.877 cm). The prevalence of malignancy in our study population was estimated to be nearly 5.33%. Intragroup comparison of sonographic features among benign and malignant nodules resulted in identification of intrinsic calcification as the only statistically significant predictor of malignancy (35.3% sensitive and 94.4% specific; P < .005). Presence of a "snowstorm" pattern of calcification was 100% specific for malignancy. Echogenicity, echo structure, shape, border classification, and grade of internal vascularity did not show any significant difference between benign and malignant nodules in this study. Various combinations of features previously suggested to be significant predictors of malignancy were also analyzed and shown to have very little sensitivity or specificity in predicting benign or malignant disease among nodules in our study population. Conclusions. This study indicates that the presence of intrinsic microcalcification is the only statistically reliable criterion on which to base increased suspicion for malignancy in thyroid nodules. Our results indicate the need for biopsy in determining further workup. All nodules that show the presence of intrinsic microcalcification should undergo biopsy, particularly if calcifications have a snowstorm appearance on sonography.
he use of high-frequency sonographic imaging in evaluation of the thyroid gland has led to the detection of a large number of nonpalpable thyroid nodules in the general population. In addition, sonographic examination of the carotid arteries or other structures within the neck has also led to the incidental detection of thyroid nodules. It has been estimated that 40% to 50% of the asymptomatic population will have a thyroid nodule found incidentally on sonography, yet only around 5% to 6.5% of these nodules will represent malignant disease on further workup. [1] [2] [3] [4] Sonographically guided fine-needle aspiration (FNA) biopsy of all inciden-tally detected thyroid nodules would thus be a very costly venture and would have a very low yield in identifying the small proportion of nodules that actually represent malignant disease. The goal in treatment of nodular disease of the thyroid is therefore to avoid extensive and costly evaluation in the most patients with benign disease without missing the minority of patients who have thyroid cancer.
Current practice among most clinicians is to further evaluate any thyroid nodule that is palpable on physical examination by sonographically guided FNA biopsy to rule out malignancy. However, development of a judicious and costeffective approach to further workup of nonpalpable thyroid nodules that are incidentally detected on sonography, magnetic resonance imaging, or computed tomography remains an area of much debate in clinical practice. Several studies have sought to identify sonographic features that are both sensitive and specific for malignant versus benign disease, but currently much debate exists as to whether such features have been successfully identified. 3, 5, 6 Sonographic features that have been identified in previous studies as being suggestive of malignancy include marked hypoechogenicity, irregular or microlobulated borders, a shape that is more tall than wide, intranodular vascularity, and the presence of microcalcifications. 3, 5, 7 The purpose of this study was to further evaluate the correlation between various sonographic features of thyroid nodules and their risk for malignancy in an attempt to suggest an optimal diagnostic approach to further workup of these lesions. An intragroup analysis of various sonographic features was conducted for comparison of common characteristics among benign and malignant nodules. In addition, several authors' previously proposed criteria for distinguishing between benign and malignant thyroid nodules on sonography were tested on our study data in an attempt to assess the overall sensitivity and specificity of these criteria for predicting pathologic results.
Materials and Methods
A retrospective review was conducted of the pathologic records of a pool of 799 sonographically guided FNA biopsies of thyroid nodules performed at Rhode Island Hospital from January 2003 through December 2003. (All nodules had biopsies strictly on the basis of size alone. Current practice at Rhode Island Hospital is to perform biopsies on all nodules >1.0 cm in size.) All procedures in which the biopsy was performed on recurrent tissue within the surgical bed of a patient with a history of carcinoma treated with partial or total thyroidectomy were not included in this initial biopsy pool. In each case, before the biopsy procedure, high-resolution sonography of the thyroid gland was performed with a LOGIQ 700 MR scanner (GE Healthcare, Milwaukee, WI) or an HDI 3000 scanner (Philips Medical Systems, Bothell, WA) equipped with a commercially available 8-to 13-MHz linear transducer with color and power Doppler capability. Sonographically guided FNA biopsy was then performed by our standard technique. Five or more passes were made through the nodule with a 27-gauge needle under direct visualization by sonography, and specimens were withdrawn by capillary action. They were then placed in Cytolyte solution (Cytec Corp, Marlborough, MA) and sent to the Pathology Department for immediate analysis. Prebiopsy sonographic findings of all cases within this biopsy pool that were positive for or suggestive of malignant cytologic results (36 total), as well as an equal number of randomly selected cases from the study pool found to have benign cytologic findings, were retrospectively reviewed by an experienced radiologist. Benign nodules were randomly selected in a blinded fashion by medical record number from the total pool of nodules identified as having benign cytologic findings on the pathologic report. Cytologic results of each biopsy included for analysis in this study were unknown to the reviewer before interpretation of the films.
Prebiopsy sonograms were interpreted with respect to nodule size, echogenicity, echo structure, shape, border characteristics, presence or absence of calcifications, and internal vascularity on color Doppler examination. Nodules for which all characteristics could not be assessed were excluded from the analysis. The echogenicity of each nodule was classified as hypoechoic, isoechoic, or hyperechoic in comparison with the surrounding tissue of the thyroid gland. Echo structure was defined as predominantly solid, predominantly cystic, or mixed. Predominantly cystic nodules were those containing cystic components that constituted more than an estimated 50% of the lesion. Nodule borders were graded on a scale of 1 through 4, in order of increasing definition and regularity. Very distinct nodule borders exhibiting a complete halo were assigned a value of 4, whereas very indistinct, poorly defined borders with approximately less than 30% circumferential demarcation were defined as 1 ( Figure  1 ). Nodules with approximately 30% to 70% circumferential demarcation were assigned a border value of 2, and those with greater than 70% demarcation and an absent halo were defined as 3. The presence of microcalcifications was further defined by calcification pattern as "too numerous to count" or "few/countable" ( Figure  2 ). Internal vascularity by color Doppler flow examination was ranked for each nodule on a scale of 0 through 4, in the order of increasing flow. A score of 0 was defined as no internal flow ( Figure 3 ). Internal flow rates constituting approximately 25% or less, 26% to 50%, 51% to 75%, and greater than 75% on color Doppler cross-sectional imaging were assigned grades of 1 through 4, respectively. The shape of each nodule was classified as wide, tall, or round, according to the plane of the major axis of each nodule with respect to the overall gland. The specific pathologic diagnosis for each case was confirmed by pathologic reports for sonographically guided FNA cytologic examinations, surgical specimens, or both. Individual sonographic features as well as various combinations of features were then analyzed for their correlation with malignant pathologic findings. All statistical calculations were performed with a 2 × 2 contingency table and χ 2 analysis. Data associations were considered statistically significant at P < .005.
Results

Overall Findings
Overall nodule size ranged from 0.8 to 4.6 cm in greatest dimension (mean, 1.96 cm; SD, 0.877 cm). Of the 799 sonographically guided FNA biopsies performed on thyroid nodules at Rhode Island Hospital in 2003, a total of 36 procedures (4.51%) yielded cytologic findings that were diagnostic or suggestive of malignancy, each of which was later confirmed by a pathologic specimen, whereas 639 procedures (80.0%) yielded benign cytologic findings, and 124 (15.5%) were nondiagnostic. Taking into account that nearly all nondiagnostic biopsies were repeated until adequate cellularity was achieved for diagnosis, the total number of nodules that underwent biopsy by these procedures was estimated to be at least 675 (799 -124). This would make the estimated prevalence of malignant thyroid nodules in our patient population closer to 5.33% (36 of 675), which resembles the rate of 5% to 6.5% in the general population as quoted by the literature. 
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Results of surgical pathologic examination confirmed that, among the 36 malignant nodules within the study pool selected for retrospective review, 31 (86.1%) were papillary carcinoma, 2 (5.56%) were lymphoma (found in the same patient), 1 (2.78%) was medullary carcinoma of the thyroid, 1 (2.78%) was Hurthle cell carcinoma, and 1 (2.78%) was indeterminate between hyalinizing trabecular adenoma versus papillary carcinoma. (This last nodule was included in the analysis as a result of a note in the pathologic report [M. DeLellis, MD, written communication, August 2003] documenting the striking histologic similarity between hyalinizing trabecular adenoma and papillary carcinoma, making them almost indistinguishable on pathologic analysis. According to this source, there is a slight risk that hyalinizing trabecular adenoma will pursue a malignant and aggressive course. 
within the malignant study group did not have sufficient information in the records to assess color Doppler flow. These 2 cases were therefore excluded from further analysis, making the total number of malignant nodules included for retrospective review 34.
Comparative Intragroup Analysis Table 1 shows a comparative intragroup analysis of sonographic features found among the benign and malignant nodules in this study. Average size as determined by the largest diameter for benign nodules was 1.84 cm (SD, 0.822 cm), and for malignant nodules it was 2.08 cm (SD, 0.944 cm). Cubic volume for each nodule was estimated as the product of the diameters of the nodule measured by sonography in the transverse, sagittal, and craniocaudal planes, multiplied by a coefficient of 0.52 to approximate a prolate ellipse (length × width × height × 0.52). Average estimated cubic volume was calculated for each group and found to be 2.53 cm 3 for benign nodules and 3.95 cm 3 for malignant nodules. Hypoechogenicity was a common sonographic feature in both benign and malignant nodules in this study (30.6% of benign nodules and 47.1% of malignant nodules). Similarly, isoechogenicity was also very common among both benign and malignant nodules (61.1% versus 47.1%, respectively). Hyperechogenicity, in comparison, was relatively rare within both groups, constituting only 8.3% of benign and 5.8% of malignant nodules. None of the observed differences in echogenicity criteria between benign and malignant groups were determined to be statistically significant by calculated P values.
Most of the malignant nodules were predominantly solid (85.3%) or mostly solid with cystic regions (11.8%). A solid echo texture, however, was also most common among benign nodules in this study (83.3%) and was not a statistically significant criterion to suggest malignancy (P > .990).
Predominantly cystic nodules appeared to be slightly more associated with benignity than malignancy (5.6% versus 2.9%), but these results were also not statistically significant (P > .990). Figure 4 shows the distribution of border classification among both benign and malignant nodules within our study population. Clearly defined borders with a distinct halo (class 4) have been associated in previous studies with a greater likelihood of benignity. [1] [2] [3] 6 In this study, however, a greater proportion of malignant nodules possessed these border characteristics than did benign nodules (14.7% versus 11.1%, respectively). This difference was not statistically significant (P = .927). The proportion of nodules within each group that had more irregular and less-defined border classifications of 1 or 2 was slightly higher among benign nodules (17 [47.2%] of 36) than malignant nodules (14 [41.1%] of 34), but this difference was also determined to be statistically insignificant (P = .789). In addition, average border classification was higher among the malignant group than the benign group (2.56 versus 2.39, respectively).
Calcifications were seen in 2 (5.6%) of 36 benign nodules and 12 (35.3%) of 34 malignant nodules in this study. The presence of calcifications was determined to be 94.4% specific for malignancy (positive predictive value [PPV], 0.857; negative predictive value [NPV], 0.607), and these results were statistically significant (P < .005). All calcified benign nodules were noted to have few calcifications that were easily countable on sonography. A similar calcification pattern was seen in 7 (58.3%) of 12 calcified malignant nodules, but 5 (41.7%) of 12 calcified malignant nodules had a "snowstorm" pattern of calcification in which individual calcifications were too numerous to count on sonography. Of particular note was that 100% of all nodules in this study that showed a snowstorm pattern of calcification were malignant (PPV, 1.00; NPV, 0.554). One particular malignant nodule was so heavily calcified that marked acoustic shadowing was observed in the underlying thyroid tissue ( Figure 5 ). Figure 6 shows the distribution of grades of internal vascularity by color Doppler flow pattern among both benign and malignant nodules within our study population. In general, benign nodules exhibited the highest grades of internal vascular flow, which is in contrast to the findings of some other studies suggesting that high levels of internal vascular flow are indicative of malignancy.
2,3,7 A total of 3 (8.3%) of 36 benign nodules were classified as color Doppler grade 4, whereas none of the malignant nodules in our study exhibited a flow pattern higher than grade 3. Only 20.6% of malignant nodules in our study exhibited more than an intermediate grade of flow as determined by color Doppler analysis was not a statistically significant criterion to suggest benign or malignant disease in this study (P > .990). Nodule shape was classified as wide in 72.2% of benign and 45.9% of malignant cases in our study population. No malignant nodules were noted to be more tall than wide, yet 2 (5.6%) of 36 of benign nodules were. In addition, it appeared as though a round shape was slightly more common among malignant nodules (15 [44.1%] of 34) than benign nodules (8 [22.2%] of 36), but these results were not statistically significant (P = .090).
Discussion
In light of the lack of certainty present in predicting pathologic nature on the basis of sonographic features of thyroid nodules, many institutions have now adopted the practice of performing biopsy on all nodules that appear larger than 1.0 cm in diameter on sonographic examination without regard to sonographic appearance. This is based on the belief that occult papillary carcinoma of the thyroid (defined in the literature as <10 mm in size) generally follows an indolent course and poses little risk for local invasion or metastasis. However, some studies have reported cases of metastatic spread of occult papillary carcinoma of the thyroid as small as 2 mm in diameter to lymph nodes in the neck. 3, 5, 8 Thus, the finding of relatively sensitive and highly specific sonographic features that would make a nodule smaller than 1.0 cm suggestive of malignancy and worthy of sonographically guided FNA biopsy would have important implications in the treatment of thyroid incidentalomas.
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In this study, specific intragroup analysis of sonographic features among benign and malignant nodules indicates that only the presence of calcification is a statistically significant predictor of malignancy. The presence of intrinsic microcalcifications was 35.3% sensitive and 94.4% specific in identifying malignancy. Although most of the malignant nodules in this study had no calcification, the presence of intrinsic microcalcification within a thyroid nodule was shown to be a highly specific finding for malignancy. More specifically, all nodules with calcification classified as having a snowstorm appearance on sonography were found to have a surgical pathologic diagnosis of papillary carcinoma of the thyroid. All nodules showing intrinsic microcalcification should therefore undergo biopsy. Echogenicity, echo structure, shape, border classification, or grade of intrinsic vascular flow by color Doppler imaging did not show any statistical difference between benign and malignant nodules in this study.
Specific Combinations of Sonographic Features and Risk for Malignancy
A study by Frates et al 7 analyzed the relationship between intrinsic vascular flow patterns on color Doppler imaging and risk for malignancy in thyroid nodules and concluded that solid hypervascular (grade 4) thyroid nodules have a high likelihood of malignancy (nearly 42% in their series). Only 14.7% of solid nodules that were malignant had a color flow grade less than 4. The combination of a solid echo structure and grade 4 color Doppler flow in our study population, however, would fail to detect all 34 malignant nodules and would falsely identify 3 of the 36 benign nodules as being potentially malignant. These criteria were thus 0.0% sensitive and 91.7% specific (PPV, 0.000; NPV, 0.493) in predicting malignancy in our study population (P = .259). (It should be noted, however, that color Doppler assessment is very subjective and difficult to compare between institutions unless machine settings are clearly defined. The exact settings used by Frates et al 7 are unknown to us, thus precluding a highly accurate comparison.)
A recent study by Papini et al 3 claimed that the combination of hypoechogenicity with irregular margins, an intrinsic vascular flow pattern, or the presence of microcalcifications was 87% sensitive in identifying malignant nodules within their study population. Defining irregular margins as a border classification of 1 or 2 and taking into account nodules with any degree of intrinsic vascular flow (color Doppler grades 1-4), these criteria would identify 12 (35.3%) of 34 malignant and 9 (25.0%) of 36 benign nodules within our study population as being suggestive of malignancy, missing 22 of the 34 malignant nodules. The overall sensitivity and specificity of these criteria for predicting malignancy in our study population were therefore 35.3% and 75.0%, respectively (PPV, 0.571; NPV, 0.551; P = .497).
Another recent study by Kang et al 6 found that the margin, echo structure, and presence of calcification showed meaningful statistical differences between benign and malignant nodules. Using criteria established in a previous study, they assigned sonographic index points to each nodule based on its sonographic appearance (Table 2 ) and concluded that a sonographic index score of 2 or less was 88.9% sensitive and 74.4% specific for benignity. For the purpose of applying these criteria to our study data, we equated poorly defined margins with a border classification of 1 or 2 and welldefined margins with a border classification of 3 or 4. "Hypoisoechoic" as a criterion for classification of echogenicity was ignored because nodules in our study were classified only as hypoechoic, isoechoic, or hyperechoic. In addition, the calcification pattern was allotted a score of 0 for absent, 1 for a pattern of few/countable calcifications, and 2 for a very fine pattern in which calcifications were too numerous to count, based on the relative importance of these patterns as determined by statistical analysis in our study. With the use of this point scale, 16 (44.4%) of 36 benign nodules and 12 (35.3%) of 34 malignant nodules had an index score of 2 or less. The overall sensitivity and specificity for predicting benignity on the basis of a score of 2 or less with these criteria were thus 44.4% and 64.7%, respectively (PPV, 0.571; NPV, 0.524) when applied to our study population (P = .591).
Kim et al 5 proposed that the presence of punctate (versus peripheral) microcalcifications, an irregular or microlobulated margin, marked hypoechogenicity (relative to the strap muscles in the neck), and a shape that is more tall than wide are sufficient criteria to suggest malignancy of a thyroid nodule. The presence of at least 1 of these characteristics was reported to be 93.8% sensitive and 66% specific for malignancy in their study population. The true implications of these criteria on our study population cannot be tested because echogenicity was only assessed in relation to the surrounding tissue of the thyroid gland in our study. However, analysis of the data was performed using criteria of hypoechogenicity, irregular border (1 or 2), shape more tall than wide, and the presence of microcalcifications to determine whether the appearance of at least 1 of these features was useful in predicting malignancy. A total of 28 (35.3%) of 34 malignant and 27 (75.0%) of 36 benign nodules possessed at least 1 of these criteria in our study population. These results yield sensitivity of 82.4% and specificity of 25.0% (PPV, 0.509; NPV, 0.600) for these criteria in suggesting malignancy (P = .647).
Another study by Chan et al 2 analyzed common and uncommon sonographic features for a group of malignant thyroid nodules all representing papillary carcinoma as confirmed by pathologic examination. They found that hypoechogenicity (86%), the presence of microcalcifications (42%), absent calcifications (47%), well-defined borders (47%), and intrinsic hypervascularity (69%) were all common features (defined as present in >35%) of papillary carcinoma of the thyroid. Uncommon features (present in <10%) were reported as being hyperechogenicity, few/peripheral calcifications, an irregular border, and hypovascularity. None of the 55 cases analyzed in their study showed an avascular flow pattern (grade 0) on color Doppler analysis. 2 Among the 28 definitively diagnosed cases of papillary carcinoma within our study data, 16 (57.1%) of 28 were found to be hypoechoic, and 2 (7.1%) of 28 were hyperechoic. Borders were well defined in 16 (57.1%) of 28 cases. Only 5 (17.9%) of 28 were hypervascular (grade 3 or 4), and 10 (35.7%) of 28 were avascular nodules (grade 0). A microcalcification pattern of too numerous to count was seen in 5 (17.9%) of 28 cases, whereas few/countable calcifications were seen in 6 (21.4%) of 28. Calcifications were absent in 17 (60.7%) of 28 cases.
Sonographic characteristics that have been reported as rare in cases of papillary carcinoma have been shown by this study to occur quite frequently. This analysis confirms that even malignant nodules of one particular histologic subtype may appear with a variety of different sonographic phenotypes, thus indicating the need for biopsy in determining further workup of thyroid nodules. One patient included in our analysis had 2 simultaneously occurring malignant nodules with distinctly different sonographic appearances (Figure 7, A and B) . Both of these nodules were confirmed as papillary carcinoma on surgical pathologic specimens.
The common practice of mandating a size cutoff of 1.0 cm and larger in nonpalpable thyroid nodules for further evaluation by sonographically guided FNA biopsy may actually result in a cutoff too high to detect a large proportion of cancers before they invade locally or metastasize. Papini et al 3 found that the prevalence of extracapsular growth and local tumor extension was similar in nodules greater than and less than 1.0 cm in maximal dimension. The use of a size cutoff of 1.0 cm instead of 8 mm would have missed 38.7% of the actually diagnosed malignancies in their study population. 3 Furthermore, occult papillary carcinoma of the thyroid as small as 2 mm has been shown in some studies to have already metastasized to neck nodes. 3, 5, 8, 9 It has been previously thought that most papillary carcinomas of the thyroid that are less than 1.0 cm in maximal diameter have a low risk for metastasis. 8, 9 Further studies need to be conducted to determine the actual risk of metastasis for occult papillary carcinoma of the thyroid in relation to nodule size so that more accurate clinical recommendations can be made as to where the size cutoff should be established in mandating sonographically guided FNA biopsy of incidentally detected nonpalpable thyroid nodules.
Conclusions
This study indicates that the presence of intrinsic microcalcification is the only statistically reliable criterion on which to base increased suspicion for malignancy in thyroid nodules. The results of this study indicate the need for biopsy in determining further workup. All nod- ules that show the presence of intrinsic microcalcification should undergo biopsy, particularly if calcifications resemble a snowstorm appearance on sonography.
